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Introduction {#sec001}
============

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood and adolescence, accounting for 7% of soft tissue malignancies in these age groups \[[@pone.0140781.ref001]\]. The embryonal histologic subtype (eRMS) accounts for the majority of cases, with excellent survival for low and intermediate-risk groups \[[@pone.0140781.ref001]\]. Pleomorphic RMS (pRMS) is more common in adults and is associated with a very poor outcome \[[@pone.0140781.ref002]\]. Despite intergroup clinical trials, survival for high-risk RMS has remained low at 30% and has not improved in 30 years \[[@pone.0140781.ref003]\]. Understanding the molecular lesions in these high risk groups will be critical for improving outcomes.

Beginning in 1989, mutations of the *RAS* oncogene (*K*, *N*, *and H* isoforms) were sporadically noted in eRMS \[[@pone.0140781.ref004]--[@pone.0140781.ref006]\]. We and others used model systems to investigate and determine the contributions of oncogenic Ras to eRMS tumorigenesis. Since primary cell-based models permit the study of gene combinations underlying tumorigenesis \[[@pone.0140781.ref007]\], we constructed a genetically-defined model of eRMS and found that serial stable expression of three oncogenic cDNAs (the DNA tumor virus *SV40* early region encoding large [T]{.ul} and small t antigens, the catalytic subunit of telomerase [*h*]{.ul} *TERT*, and oncogenic *H* [*R*]{.ul} *ASG12V*, *"THR"*) was necessary and sufficient to convert normal primary human skeletal muscle myoblasts (HSMMs) to tumorigenic cells mimicking eRMS \[[@pone.0140781.ref008]\]. Complementary studies in lower vertebrates including zebrafish and mice have further illuminated the role of oncogenic Ras in eRMS \[[@pone.0140781.ref009], [@pone.0140781.ref010]\] and pRMS \[[@pone.0140781.ref009], [@pone.0140781.ref011], [@pone.0140781.ref012]\]. During the last several years, deep-sequencing technologies have permitted a more precise profile of Ras mutations in RMS. These mutations are relatively common in RMS, occurring in about 30% of cases, and are associated with high risk patients \[[@pone.0140781.ref013], [@pone.0140781.ref014]\]. Thus this subset of RMS tumors can be termed "Ras-driven RMS." However, since stable expression of oncogenic Ras in primary human myoblasts activates senescence checkpoints \[[@pone.0140781.ref008]\], we reasoned that other genetic changes must occur prior to and permit tolerance of oncogenic Ras.

The Hippo pathway is an evolutionarily conserved tumor suppressor network that, among other functions, controls and limits organ size during both embryogenesis and tissue regeneration \[[@pone.0140781.ref015]\]. Genomic amplifications and mutations of Hippo pathway components (or more often of proteins that modulate Hippo pathway signaling) are emerging as important genetic lesions in human tumorigenesis, although there are only a few reported cases in RMS \[[@pone.0140781.ref016]\], including copy number gains of YAP or TAZ \[[@pone.0140781.ref017], [@pone.0140781.ref018]\]. However, recently we and others have found the YAP oncoprotein, a transcriptional co-activator situated at the terminus of the Hippo pathway and ordinarily kept in check by this signaling cascade, to be upregulated in RMS \[[@pone.0140781.ref017], [@pone.0140781.ref019]\]. YAP binds the TEAD family of transcription factors to regulate pro-growth and anti-apoptotic genes. In genetically engineered mouse models (GEMMs), conditional expression of an activated form of YAP (S127A) in satellite cells generated eRMS with high penetrance, after injury \[[@pone.0140781.ref017]\]. This suggests that YAP is not only upregulated in eRMS, but critical for its initiation. However, since in human tumors multiple oncogenic events are required for tumorigenesis \[[@pone.0140781.ref020]\], and since eRMS tumors often have Ras mutations, we hypothesized that YAP could cooperate with oncogenic Ras to initiate eRMS tumorigenesis.

Here we investigate the role of YAP in Ras-driven RMS cell lines, showing that YAP is critical for tumor maintenance, since it supports RMS cell proliferation, survival, and inhibition of differentiation. We use a human primary cell-based approach to understand the temporal role of YAP in a Ras-driven model of RMS. By substitution into our established genetically defined model, we find that YAP enables bypass of the senescence checkpoint, then provides tolerance to expression of oncogenic Ras. This model is a novel tool to explore the role of YAP in a human primary cell system. Additionally, these studies lay the groundwork for future investigations to understand the interaction between YAP and Ras signaling in eRMS and pRMS, a critical step in designing rational therapies.

Materials and Methods {#sec002}
=====================

Generation of Cell Lines and Constructs {#sec003}
---------------------------------------

Human RMS cell lines RD \[[@pone.0140781.ref021]\] and SMS-CTR \[[@pone.0140781.ref022]\] were gifts from Tim Triche (Children's Hospital of Los Angeles, CA, USA) in 2005 and Brett Hall (Columbus Children's Hospital, OH, USA) in 2006, respectively, and cultured as described \[[@pone.0140781.ref023]\]. RD and SMS-CTR cells express oncogenic mutations of *NRAS* and *HRAS*, respectively \[[@pone.0140781.ref024]--[@pone.0140781.ref026]\]. Cell line authentication was performed in July 2014 using STR analysis (Promega PowerPlex 18D) conducted by the DNA Analysis Facility at Duke University (Durham, NC, USA). Human skeletal muscle myoblasts (HSMM, Lonza) were cultured as described \[[@pone.0140781.ref019]\] and YAP shRNA constructs were previously described \[[@pone.0140781.ref027], [@pone.0140781.ref028]\]. pQCXIH-Flag-YAP-S127A was a gift from Kunliang Guan (Addgene plasmid \# 33092) \[[@pone.0140781.ref029]\] and pBABE YAP1 WT was a gift from Joan Brugge (Addgene plasmid \# 15682) \[[@pone.0140781.ref030]\].

Quantitative Real Time PCR and Semi-quantitative PCR {#sec004}
----------------------------------------------------

PCR was performed as described \[[@pone.0140781.ref019]\]. Primer sets for this work can be found in [S1 Table](#pone.0140781.s004){ref-type="supplementary-material"}.

Immunoblotting {#sec005}
--------------

Immunoblotting was performed as described, using a range of 10 to 100μg of lysate per sample \[[@pone.0140781.ref031]\]. The following antibodies were used for immunoblotting: anti-YAP (Cell Signaling \#4912, 1:1000), anti-pan-Ras (Calbiochem \#OP40, 1:1000), anti-cleaved caspase 3 (Cell Signaling \#9661, 1:1000), anti-TAZ (Cell Signaling \#4883, 1:1000) and anti-actin (Sigma \#A2066, 1:1000 or Sigma \#A5441, 1:5000).

Growth Curves and BrdU {#sec006}
----------------------

Cell growth was analyzed by manual cell counting on a hemocytometer following Trypan blue staining, performed in triplicate. BrdU assays to measure cell proliferation were performed in five replicates as described \[[@pone.0140781.ref019]\].

Differentiation Assays {#sec007}
----------------------

Differentiation assays and MF20 staining were performed as described \[[@pone.0140781.ref032]\]. The MF20 antibody recognizes all isoforms of myosin heavy chain in differentiated skeletal muscle and was deposited to the Developmental Studies Hybridoma Bank by Fischman, D.A. (DSHB Hybridoma Product MF 20). Positively and negatively stained cells were counted manually with the aid of cell counting software (ImageJ, NIH). Five images were counted per condition.

Senescence Assays {#sec008}
-----------------

Performed as described except in 24-well plates and in triplicate \[[@pone.0140781.ref019]\].

Ethics Statement {#sec009}
----------------

All animal studies were conducted in accordance with policies set forth by the Duke University Institutional Animal Care and Use Committee (IACUC). Our protocol was approved by the Duke IACUC (Protocol Registry Number A183-14-07). Euthanasia was performed by CO2 and bilateral thoracotomy.

Mouse Xenograft Studies {#sec010}
-----------------------

For the YAP suppression study, 1x10^6^ SMS-CTR cells stably expressing non-targeting, YAP_sh3, or YAP_sh4 constructs were resuspended in Matrigel (BD Biosciences) and implanted subcutaneously into the flanks of immunodeficient SCID/*beige* mice as described \[[@pone.0140781.ref019], [@pone.0140781.ref031]\]. For the YHR model study, 10x10^6^ YHR, YHV, or SMS-CTR cells were injected similarly. For the verteporfin study, 2x10^6^ SMS-CTR cells were injected as described. Mice were monitored twice weekly, and tumors were measured using calipers. Tumor volume was calculated as \[((width\*length)/2)3\]/2. Mice were sacrificed upon reaching an IACUC-defined maximum tumor burden or decline in health. Tumors were preserved in RNAlater (Qiagen) for PCR or formalin-fixed for IHC.

Immunohistochemistry {#sec011}
--------------------

Paraffin-embedded formalin-fixed xenograft tumor samples were sectioned and stained with H&E (Sigma) to assess tumor morphology, as well as with select immunohistochemical antibodies. To determine resemblance to RMS, immunohistochemical analysis included anti-desmin, anti-MyoD, and anti-myogenin. Slides were evaluated by pathologists (R.C.B., E.R.) with experience in pediatric sarcomas. YAP IHC was performed as previously described \[[@pone.0140781.ref019]\]. TAZ IHC (Sigma \#HPA007415), TUNEL (Trevigen \#4810-30-K) and Ki67 (Dako \#M7240) staining were performed per the manufacturer's protocols. TAZ staining was scored on a scale of 0--4 by two blinded scorers (0 = no staining, 1 = \<25% staining, 2 = 25--50% staining, 3 = 50--75% staining, 4 = \>75% staining). Four images were scored per tumor and averaged. TUNEL and Ki67 slides were photographed, positively and negatively stained cells were counted manually with the aid of cell counting software (ImageJ, NIH), and five images were counted per condition.

Drug Studies {#sec012}
------------

Verteporfin was obtained from Proactive Molecular Research P17-0440 and was dissolved in DMSO at 100mg/ml. *In vitro*, verteporfin was diluted to 10μM in cell culture media. For *in vivo* experiments, verteporfin was diluted to 10mg/ml in PBS and administered by intraperitoneal injection at 100mg/kg every other day for eight treatments total.

Statistical Analysis {#sec013}
--------------------

Statistical analysis was performed using GraphPad Prism (GraphPad). Unless otherwise noted, data is presented as the mean and SE. One-way ANOVA, two-way ANOVA, and unpaired T-test were used as appropriate. P values were considered significant at \*, P\< 0.05; \*\*, P\<0.01; \*\*\*, P\<0.001; and \*\*\*\*, P\<0.0001.

Results {#sec014}
=======

YAP expression is required for human Ras-driven RMS cell growth and supports proliferation and survival *in vitro* {#sec015}
------------------------------------------------------------------------------------------------------------------

To assess the role of the YAP oncoprotein in human eRMS, YAP was suppressed in both RD (*NRAS* mutant) \[[@pone.0140781.ref025]\] and SMS-CTR (*HRAS* mutant) \[[@pone.0140781.ref026]\] human eRMS cell lines using lentiviral-mediated shRNA expression. Two independently-targeting shRNAs, which suppressed YAP at the mRNA and protein levels in both RD and SMS-CTR cells **([Fig 1A and 1B](#pone.0140781.g001){ref-type="fig"}),** inhibited cell growth as measured by cell counting over time **([Fig 1C and 1D](#pone.0140781.g001){ref-type="fig"})** which is in alignment with recent studies in RD cells \[[@pone.0140781.ref017]\]. However, since growth curves yield information only about overall population growth, further studies were done to determine the mechanism of growth inhibition. YAP deficiency was found to interfere with RD and SMS-CTR cell proliferation, as measured by BrdU incorporation **([Fig 2A and 2B](#pone.0140781.g002){ref-type="fig"})**, and stimulate apoptosis, as measured by cleaved caspase 3 expression **([Fig 2C and 2D](#pone.0140781.g002){ref-type="fig"})**. Since *Cyr61* (cysteine-rich, angiogenic inducer, 61) and *CTGF* (connective tissue growth factor) are established transcriptional targets of YAP, the expression of these genes was measured in both RD and SMS-CTR cells in the setting of the shRNAs using quantitative real-time PCR (qRT-PCR), and indeed their decreased expression correlated with YAP suppression **([Fig 2E](#pone.0140781.g002){ref-type="fig"})** in RD cells. In SMS-CTR cells, YAP_sh3 induced the expected decrease in *CTGF* and *Cyr61* while YAP_sh4 showed no change **([Fig 2F](#pone.0140781.g002){ref-type="fig"})**. *CTGF* expression has previously been associated with senescent cells and the possibility that YAP_sh4 is causing cellular senescence should be explored \[[@pone.0140781.ref033]\]. Thus, *in vitro*, the YAP oncoprotein promotes cell proliferation and survival in Ras-driven eRMS. As recent work has shown that YAP suppression results in an upregulation of TAZ protein levels \[[@pone.0140781.ref034]\], we investigated the levels of TAZ protein after YAP suppression. In both RD **([Fig 2G](#pone.0140781.g002){ref-type="fig"})** and SMS-CTR **([Fig 2H](#pone.0140781.g002){ref-type="fig"})** cells, TAZ protein levels increased upon expression of the YAP shRNAs. Since YAP suppression did not completely ablate cell growth **([Fig 1C and 1D](#pone.0140781.g001){ref-type="fig"})**, we hypothesize the upregulation of TAZ may partially compensate for the loss of YAP in these cells.

![YAP suppression inhibits eRMS cell growth.\
**(A)** YAP suppression by shRNA in RD cells is validated by qRT-PCR (left) and immunoblot (right). Lanes in the immunoblot are from the same membrane but have been rearranged into this order. **(B)** YAP suppression validation in SMS-CTR cells by qRT-PCR (left) and immunoblot (right). YAP suppression in **(C)** RD and **(D)** SMS-CTR cells inhibits cell growth as measured by manual cell counting over four days. \*\*, P\<0.01; \*\*\*, P\<0.001; and \*\*\*\*, P\<0.0001.](pone.0140781.g001){#pone.0140781.g001}

![YAP suppression inhibits proliferation and stimulates apoptosis.\
Cell proliferation, as measured by BrdU incorporation, is decreased in **(A)** RD and **(B)** SMS-CTR cells stably expressing YAP shRNAs. Immunoblot for cleaved caspase 3 (CC3) shows an increase in apoptosis at days 2 and 4 after shRNA expression in **(C)** RD and **(D)** SMS-CTR cells. qRT-PCR for YAP target genes *Cyr61* and *CTGF* show decreased expression with YAP suppression in **(E)** RD and **(F)** SMS-CTR cells. Immunoblot analysis of TAZ in **(G)** RD and **(H)** SMS-CTR cells expressing YAP shRNAs. \*, P\< 0.05; \*\*, P\<0.01; and \*\*\*\*, P\<0.0001.](pone.0140781.g002){#pone.0140781.g002}

YAP suppression delays tumor growth *in vivo* {#sec016}
---------------------------------------------

To explore the role of YAP suppression in RMS tumorigenesis *in vivo*, we established subcutaneous xenografts of SMS-CTR (*HRAS*-mutant) cells stably expressing the YAP shRNAs, or a non-targeting (NT) control. Previous work showed that YAP inhibition in RD (*NRA*S-mutant) xenografts decreased tumor burden \[[@pone.0140781.ref017]\]. We found that expression of the YAP shRNAs in the SMS-CTR xenografts delayed tumor growth as compared to the NT control **([Fig 3A](#pone.0140781.g003){ref-type="fig"})**. We validated YAP suppression within the xenografts at both the mRNA **([Fig 3B](#pone.0140781.g003){ref-type="fig"})** and protein levels **([Fig 3D](#pone.0140781.g003){ref-type="fig"}, middle)**. YAP suppression was maintained in the tumors and this suppression also resulted in decreased expression of the YAP target genes *Cyr61* and *CTGF* **([Fig 3B](#pone.0140781.g003){ref-type="fig"})**. We next examined the impact of the YAP shRNAs on tumor morphology. However, H&E analysis showed no obvious differences between the treatment groups **([Fig 3D](#pone.0140781.g003){ref-type="fig"}, left)**. To determine the mechanism of tumor growth delay, TUNEL and Ki67 staining were performed to assess the levels of apoptosis and cell proliferation, respectively. As observed previously *in vitro* **([Fig 2D](#pone.0140781.g002){ref-type="fig"}),** YAP suppression *in vivo* increased apoptosis **([Fig 3C](#pone.0140781.g003){ref-type="fig"}, [Fig 3D](#pone.0140781.g003){ref-type="fig"}, right)**. Ki67 staining levels appeared visually similar but upon quantification there was a significant decrease in cell proliferation with expression of the YAP shRNAs. **([Fig 3C](#pone.0140781.g003){ref-type="fig"})**. Although tumors showed sustained *YAP*, *Cyr61*, and *CTGF* loss, they were still able to eventually grow to the IACUC-defined tumor burden, suggesting that RMS cells have mechanisms to overcome YAP inhibition, and this may be due to the activity of oncogenic Ras or other compensatory pathways. Because *in vitro* expression of the YAP shRNAs induced upregulation of TAZ protein **([Fig 2G and 2H](#pone.0140781.g002){ref-type="fig"})**, we investigated the levels of TAZ protein in the tumors by IHC **([S1 Fig](#pone.0140781.s001){ref-type="supplementary-material"})**. Although there were subtle changes in TAZ expression, due to tumor variability there was not a significant difference upon quantitation **([S1 Fig](#pone.0140781.s001){ref-type="supplementary-material"})**. Interestingly, some of the shRNA-expressing cells did not implant to form tumors. This may be due to technical reasons, or YAP suppression may alter the cells' ability to initiate tumorigenesis and this should be explored in future studies. These experiments suggest that YAP oncoprotein expression is important for Ras-driven eRMS tumor growth.

![YAP suppression delays tumor growth *in vivo*.\
**(A)** *In vivo* YAP suppression in SMS-CTR xenografts inhibits tumor growth over time. (◊, NT; ■, YAP_sh3; ▲, YAP_sh4). **(B)** qRT-PCR for *YAP*, *Cyr61*, and *CTGF* show decreased expression in SMS-CTR xenografts expressing YAP shRNAs. Bars represent the average of each treatment group. **(C)** Quantitation of TUNEL (top) and Ki67 (bottom) staining reflects an increase in apoptosis and decrease in cell proliferation, respectively. **(D)** Representative images of H&E (left), YAP IHC (middle) and TUNEL staining (right) of the xenograft tumors. \*, P\<0.05; \*\*\*, P\<0.001; and \*\*\*\*, P\<0.0001. Scale bars: 100μm.](pone.0140781.g003){#pone.0140781.g003}

Pharmacologic inhibition of YAP {#sec017}
-------------------------------

Since genetic suppression of YAP inhibited eRMS cell growth *in vitro* and *in vivo*, we next examined the effect of pharmacologic inhibition of YAP on Ras-driven RMS. Verteporfin (VP) is an FDA approved drug for treatment of macular degeneration that was recently determined to also be an inhibitor of YAP-TEAD interactions \[[@pone.0140781.ref035]\]. VP can reverse YAP-driven liver overgrowth *in vivo* \[[@pone.0140781.ref035]\], and inhibit cancer cell growth *in vitro* and *in vivo* \[[@pone.0140781.ref036]--[@pone.0140781.ref039]\]. In SMS-CTR cells, 10μM VP abrogated cell growth over five days **([Fig 4A](#pone.0140781.g004){ref-type="fig"})**. Since there was a profound effect *in vitro*, we evaluated the effect of VP in a murine subcutaneous xenograft model. Once tumors were palpable, mice were treated with VP or DMSO (vehicle) every other day for eight doses. In most animals, VP inhibited tumor growth and resulted in decreased tumor weight **([Fig 4B and 4C](#pone.0140781.g004){ref-type="fig"}).** However, there was variability in the responses and two tumors from the VP-treated animals grew at the same rate as the vehicle control. Cell proliferation, as measured by Ki67 staining, was significantly decreased with VP treatment **([Fig 4D](#pone.0140781.g004){ref-type="fig"}**), while apoptosis measured by TUNEL staining was not significantly changed. Surprisingly, VP treatment did not change the levels of YAP target genes *Cyr61* and *CTGF* **([S2 Fig](#pone.0140781.s002){ref-type="supplementary-material"})**.

![Pharmacologic inhibition of YAP inhibits tumor growth *in vivo*.\
**(A)** SMS-CTR cells treated with 10μM VP have decreased cell growth, measured by manual cell counting over five days. **(B)** SMS-CTR subcutaneous xenografts treated with 100mg/kg VP have decreased tumor growth as compared to vehicle control (DMSO). **(C)** The average tumor weight of VP treated mice is decreased compared to control. **(D)** Ki67 staining is decreased in VP-treated mice, but TUNEL staining remains the same. \*\*, P\<0.01; \*\*\*, P\<0.001; and \*\*\*\*, P\<0.0001. Scale bars: 100μm.](pone.0140781.g004){#pone.0140781.g004}

YAP promotes an undifferentiated state {#sec018}
--------------------------------------

As a malignancy associated with the skeletal muscle lineage, RMS pathogenesis includes deficiencies in the ability of cells to terminally differentiate (summarized in \[[@pone.0140781.ref040]\]). Therefore, cellular programs must exist to block differentiation. To determine whether YAP participates in this program, eRMS cells were examined for expression of myogenic markers after YAP-targeted shRNA suppression. shRNA-suppressed cells had a 3--60 fold increase in myogenic differentiation markers *Mrf4*, *MyoD* and *myogenin* **([Fig 5A](#pone.0140781.g005){ref-type="fig"}**), suggesting that indeed YAP expression contributes to the block in terminal differentiation. Similar results were observed in the SMS-CTR cells **([Fig 5B](#pone.0140781.g005){ref-type="fig"})**.

![YAP suppression promotes myogenic transcription factor expression.\
qRT-PCR for myogenic differentiation genes *Mrf4*, *MyoD*, and *Myogenin* show increased expression with YAP suppression in **(A)** RD and **(B)** SMS-CTR cells. \*, P\< 0.05; \*\*\*, P\<0.001; and \*\*\*\*, P\<0.0001.](pone.0140781.g005){#pone.0140781.g005}

When YAP shRNA-suppressed RD and SMS-CTR cells were cultured in differentiation media, their growth slowed markedly (as opposed to cells expressing control vector, which continued to proliferate), and cells changed to an elongated morphology **([Fig 6A and 6C](#pone.0140781.g006){ref-type="fig"})**. A concomitant increase in the number of cells staining positive for MF20 (which stains sarcomeric myosin) was evident **([Fig 6A and 6C](#pone.0140781.g006){ref-type="fig"})**, and this was found to be statistically significant when quantified **([Fig 6B and 6D](#pone.0140781.g006){ref-type="fig"})**. This data is consistent with the previously identified role for YAP in murine eRMS tumors, murine muscle satellite cells, and C2C12 murine myoblasts \[[@pone.0140781.ref017], [@pone.0140781.ref041], [@pone.0140781.ref042]\]. Thus, in concert with these prior studies, YAP functions to block differentiation in skeletal muscle cells and Ras-mutant eRMS tumors, and differentiation therapy could be a potential therapeutic approach for this cancer.

![eRMS cell lines show increased differentiation with YAP knockdown.\
Cells stably expressing YAP shRNAs were cultured in differentiation media for five days, then stained for MF20 expression. Representative images and quantitation of MF20 staining in **(A, B)** RD and **(C, D)** SMS-CTR cells. \*, P\< 0.05; \*\*\*, P\<0.001. Scale bars: 62.5μm.](pone.0140781.g006){#pone.0140781.g006}

YAP expression enables bypass of the senescence checkpoint {#sec019}
----------------------------------------------------------

Genetic modeling provides insight into the phenotypic contributions of gain-of-function of oncogenes and loss-of-function of tumor suppressors. Thus, we examined the role of YAP by substituting it into our previously established genetically-defined model of Ras-mutant eRMS. (As discussed this model relies on serial stable expression of the *SV40* early region, *hTERT*, and oncogenic *HRASG12V*.) Since telomere maintenance and Ras expression are obligatory steps in the tumorigenic process of Ras-driven eRMS \[[@pone.0140781.ref008]\], we reasoned that YAP would substitute for the SV40 early region in our model, and provide the stimulus to enable continuous growth in culture. Therefore, we stably expressed either YAPS127A or wild-type YAP (YAPWT) in primary human myoblasts **([Fig 7A](#pone.0140781.g007){ref-type="fig"})**, and monitored cells for population doubling and cellular morphology. Although YAP gain-of-function point mutations have not been reported in human RMS samples, increases in YAP copy number have been described, providing rationale to study both the mutant and wild type YAP constructs \[[@pone.0140781.ref017]\]. As previously observed \[[@pone.0140781.ref032]\], HSMMs expressing a control vector ceased proliferating after 10--15 population doublings (PD), having reached a tissue culture-induced senescence. However, cells expressing YAPS127A continued proliferating past this checkpoint **([Fig 7B](#pone.0140781.g007){ref-type="fig"}).** Onset of senescence in vector cells was verified by acquisition of β-galactosidase (β-gal) expression, a biochemical marker of senescence (blue color and quantitation shown in **[Fig 7B](#pone.0140781.g007){ref-type="fig"} middle, bottom**), while cells expressing YAPS127A were β-gal negative. Similarly, cells expressing YAPWT bypassed senescence in culture and remained β-gal negative **([Fig 7C](#pone.0140781.g007){ref-type="fig"})**. These data suggest that YAP expression provides cellular signals to dampen or ignore pro-senescence stimuli.

![YAP expression enables senescence bypass.\
**(A)** Total YAP protein levels in HSMMs ectopically expressing vector, YAPS127A, or YAPWT. **(B)** Top, population doublings over time of HSMMs expressing vector (●) or YAPS127A (■). Middle, vector-expressing cells show increased β-gal staining as compared to YAPS127A. Bottom, quantitation of β-gal staining. **(C)** Population doublings of HSMMs expressing YAPWT (top) and β-gal staining (bottom, middle). β-gal staining was performed at PD 16 (Vectors, YAPS127A) and PD 18 (YAPWT). \*\*\*, P\<0.001; \*\*\*\*, P\<0.0001. Scale bars: 125μm.](pone.0140781.g007){#pone.0140781.g007}

YAP primes myoblasts for oncogenic Ras-driven RMS tumorigenesis *in vivo* {#sec020}
-------------------------------------------------------------------------

Since the stable expression of YAP permitted myoblasts to proliferate past the senescence checkpoint, we assessed whether completing the model by adding hTERT and subsequently oncogenic HRasG12V, abbreviated "YHR" ([Y]{.ul}APS127A-[h]{.ul}TERT-H[R]{.ul}asG12V), would lead to a tumorigenic phenotype **([Fig 8A](#pone.0140781.g008){ref-type="fig"})**. We also generated the accompanying control cell line, "YHV" ([Y]{.ul}APS127A-[h]{.ul}TERT-[V]{.ul}ector). Previous work demonstrated that "VHR" ([V]{.ul}ector-[h]{.ul}TERT-H[R]{.ul}asG12V) cells are not tumorigenic as the senescence checkpoint remains intact and oncogenic Ras is not tolerated, leading to cell senescence followed by cell death \[[@pone.0140781.ref008]\]. Expression of transgenes in the cell lines was verified by PCR or immunoblot **([Fig 8B](#pone.0140781.g008){ref-type="fig"})**. Based on the recent GEMM work showing that YAPS127A expression in activated satellite cells is sufficient for eRMS tumorigenesis \[[@pone.0140781.ref017]\], we predicted that both YHV and YHR cell lines would generate tumor xenografts in immunodeficient mice. However, we found that compared to the internal positive control cell line (SMS-CTR) and our previous model (THR), YHR but not YHV cells were tumorigenic, and the YHR tumors formed with 100% penetrance **([Fig 8C](#pone.0140781.g008){ref-type="fig"})**. To address the possibility that we had not waited long enough for tumor formation, an additional cohort of mice were injected with YHV cells and have also not formed tumors in over 150 days (data not shown). This suggests that in our human primary cell-based model of Ras-driven RMS, YAPS127A alone was not sufficient to initiate and support tumorigenesis. To determine if a different oncogene could substitute for Ras in our model, we created cells expressing YAPS127A, *hTERT*, and *MYCN*. *MYCN* was expressed in the same founder population of YAPS127A + hTERT cells and injected subcutaneously with the same lot of Matrigel. However, *MYCN* was not sufficient for tumorigenesis **([S3 Fig](#pone.0140781.s003){ref-type="supplementary-material"})**. This suggests that cooperation between YAP and Ras signaling specifically initiates tumorigenesis in this model.

![A genetically defined model of RMS based on serial stable expression of YAP, hTERT and oncogenic Ras.\
**(A)** Schematic of the "YHR" genetic model predicted to form xenograft tumors. **(B)** Immunoblot validation of YAP, Ras, and actin expression (top) and RT-PCR validation of hTERT and GAPDH expression (bottom) in cell lines. In the pan-Ras blot the top band is the epitope (FLAG)-tagged exogenous oncogenic Ras and the bottom band is the endogenous Ras. **(C)** Tumor volume as measured over time of YHR (pink), THR (light gray, historical data), SMS-CTR (dark gray) and YHV (black with open circles) xenografts. **(D)** H&E of two individual YHR tumors (a, b) and representative immunohistochemistry of desmin and MyoD of YHR tumors to confirm skeletal muscle markers (bottom). Scale bars: 100μm.](pone.0140781.g008){#pone.0140781.g008}

H&E analysis of the YHR tumors revealed a spectrum of morphologic patterns **([Fig 8D,a-b](#pone.0140781.g008){ref-type="fig"})**, which is also observed in human clinical RMS samples (summarized in \[[@pone.0140781.ref002]\]). The tumors were all high-grade sarcomas with abundant necrosis and a high proliferative rate. Most were characterized by spindled to epithelioid cells with large, pleomorphic nuclei and prominent nucleoli consistent with pRMS **([Fig 8D,a](#pone.0140781.g008){ref-type="fig"})**. One tumor was composed of diffuse spindled cells and smaller nuclei consistent with eRMS with anaplasia **([Fig 8D,b](#pone.0140781.g008){ref-type="fig"})**. Within each tumor, rare cells had multiple central nuclei and elongated tails of eosinophilic cytoplasm suggesting rhabdomyoblastic differentiation, although definite cross striations were not identified. Staining with desmin and MyoD, markers used clinically in evaluating soft tissue sarcomas, validated the skeletal muscle phenotype required for the assignment of RMS **([Fig 8D](#pone.0140781.g008){ref-type="fig"}, bottom)**. All tumors showed uniform desmin expression and scattered MyoD1 positive nuclei but were negative for myogenin. Although myogenin staining is associated with an RMS diagnosis, only about 50% of pRMS stain positively for myogenin and some eRMS can be negative or have very low levels of myogenin \[[@pone.0140781.ref043], [@pone.0140781.ref044]\]. Therefore, the YHR model tumors are histologically consistent with human Ras-driven RMS.

Discussion {#sec021}
==========

The Hippo pathway is a tumor suppressor network shown to be dysregulated in many adult epithelial solid tumors including ovarian, lung, and liver \[[@pone.0140781.ref045]--[@pone.0140781.ref047]\]. Recent work has also shown a role for YAP in sarcomas, tumors of mesenchymal origin, and in skeletal muscle cells \[[@pone.0140781.ref017], [@pone.0140781.ref019], [@pone.0140781.ref041], [@pone.0140781.ref042], [@pone.0140781.ref048]\]. Here we investigate the role of YAP in Ras-driven RMS. YAP-directed shRNAs inhibited human Ras-driven RMS cell proliferation, promoted apoptosis, and stimulated myogenic differentiation *in vitro*, as well as delayed tumor growth *in vivo*. Pharmacologic inhibition of YAP with verteporfin also decreased cell growth *in vitro* and *in vivo*. In our human primary cell-based model, YAP expression was sufficient to support myoblasts through the senescence checkpoint, priming them for subsequent oncogenic Ras expression, resulting in a fully transformed cell that generates tumors in a murine xenograft system. The resulting YAP and Ras-driven tumors show a range of morphologies, consistent with human RMS. Together these studies elucidate the importance of YAP in tumor initiation and maintenance in Ras-driven RMS.

Previous work has identified a connection between YAP and Ras in mammalian epithelial tumorigenesis \[[@pone.0140781.ref049], [@pone.0140781.ref050]\]. For example, in murine models of pancreatic and lung cancers, YAP can replace oncogenic Kras as a tumorigenic driver during Ras-independent tumor recurrence \[[@pone.0140781.ref049], [@pone.0140781.ref050]\]. However, in our human cell-based model of RMS both YAP and Ras are required, as YAP expression alone does not initiate tumor formation. This observation is relevant for therapeutic planning, as inhibition of Ras or YAP signaling alone may not be sufficient, suggesting that combination therapy should be explored to inhibit both pathways simultaneously \[[@pone.0140781.ref051]\]. In our study, VP perturbed but did not ablate tumor growth, so combining VP with other chemotherapies, such as Ras pathway inhibitors, may increase its efficacy. We found VP to have limited solubility, and variable deposits of VP were observed in the intraperitoneal space of the mice. This suggests that the mice were receiving an inconsistent dose and a different formulation of VP to increase solubility may be required, as others have observed \[[@pone.0140781.ref052]\]. Additionally, although VP decreased tumor cell proliferation, there was not a significant effect on the transcription of YAP target genes *Cyr61* and *CTGF* **([S2 Fig](#pone.0140781.s002){ref-type="supplementary-material"}).** This suggests that VP is not specific to YAP-TEAD interactions and may have other effects *in vivo*, which should be considered in future studies.

The current studies provide insight into the temporal function of YAP in RMS tumorigenesis. In our previous "THR" model, expression of the *SV40* early region in human myoblasts enabled senescence bypass by inhibiting Rb and p53, known enforcers of cellular senescence \[[@pone.0140781.ref008]\]. In the current YHR model, YAP must therefore be functioning (either directly or indirectly) to inhibit these pathways. Previous work suggested a link between YAP and senescence through YAP's transcriptional regulation of the cyclin-dependent kinase CDK6. When fibroblasts reach culture-induced senescence YAP levels decrease; conversely, YAP knockdown can induce premature senescence by downregulation of CDK6 \[[@pone.0140781.ref053]\]. It remains to be seen whether this circuit is active in our system. Our work demonstrates that YAP activation may be an early event in Ras-driven RMS tumorigenesis, and this early event permits the subsequent expression of oncogenic Ras.

Recent GEMM models also suggest an important role for YAP signaling in RMS \[[@pone.0140781.ref017]\]. Conditional expression of YAPS127A in activated (through cardiotoxin-mediated injury) murine skeletal muscle satellite cells was sufficient for eRMS tumorigenesis. However, YAPS127A expression itself did not activate these satellite cells, and given their quiescence they did not alter muscle morphology or induce tumorigenesis. These results suggest that hyperactive YAP signaling and satellite cell activation cooperate in tumorigenesis. Surprisingly, our work in proliferating HSMMs suggests that hyperactive YAP signaling is not sufficient for tumorigenesis. That is, HSMMs expressing YAPS127A in combination with hTERT (hTERT is used in human tumor modeling, but not needed in GEMMs since mice have very long telomeres \[[@pone.0140781.ref008], [@pone.0140781.ref054]--[@pone.0140781.ref056]\]) were not able to form tumors in xenograft models. The final step, expression of an oncogenic Ras mutant, was required. Intriguingly, this mirrors our original model of eRMS, which also requires oncogenic Ras signaling as a final tumorigenic step \[[@pone.0140781.ref008]\]. Alternative possibilities are that the level of YAP activation may have been insufficient for tumorigenesis, or perhaps in HSMMs there is no level of YAP activity that is tumorigenic without additional oncogenes. Understanding the role of oncogenic Ras in this context, and how it provides pro-tumorigenic signals that can replace those found in activated satellite cells, will be an important aspect of future work.

Last, this study raises questions about the role of oncogenic Ras mutations in RMS tumor morphology. While the recently published GEMM of RMS based on expression of YAPS127A in activated satellite cells yielded eRMS \[[@pone.0140781.ref017]\], both an oncogenic Kras-driven GEMM of RMS \[[@pone.0140781.ref009]\] and the current cell-based model resulted in a spectrum of tumor morphologies, from embryonal to pleomorphic RMS. This may be due to the inherent biology of oncogenic Ras and how it functions in skeletal muscle to drive RMS tumorigenesis, suggesting that Ras-driven RMS tumors are a distinct subgroup with a range of morphologies and a worse prognosis \[[@pone.0140781.ref013]\]. Additional studies of the role of Ras-driven RMS tumorigenesis---and its relationship to YAP---are necessary to understand the mechanism of tumorigenesis and to develop appropriate therapies for these aggressive tumors.

In summary, the YAP oncoprotein functions to support proliferation, survival, an undifferentiated state, and *in vivo* tumorigenesis of human Ras-driven RMS cell lines, thus contributing to the maintenance of the tumorigenic phenotype. Using a primary human myoblast-based model, oncogenic YAP also serves as an initial genetic lesion, permitting bypass of senescence and priming myoblasts to tolerate subsequent expression of hTERT and oncogenic Ras, which are necessary and sufficient to form xenograft tumors *in vivo*. This work provides a novel tool to explore how YAP and Ras function in human cells during RMS tumorigenesis, and lays the groundwork for future preclinical investigations of these essential pathways.
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###### TAZ expression in tumors with YAP suppression.

**(A)** Representative images of TAZ IHC on NT, YAP_sh3, and YAP_sh4 tumors. **(B)** Quantitation of TAZ IHC. Tumors were scored on a scale of 0--4, four images were scored per tumor and scores averaged. There was not a significant difference between the groups. Scale bars: 100μm.

(TIF)

###### 

Click here for additional data file.

###### YAP target gene expression in VP-treated tumors.

**(A)** qRT-PCR of *Cyr61* and *CTGF* do not change with VP treatment.

(TIF)

###### 

Click here for additional data file.

###### YAPS127A +hTERT +MycN expressing cells do not form tumors.

**(A)** Validation of expression of all oncogenes by immunoblot (YAP, actin) or RT-PCR (hTERT, MycN, GAPDH). **(B)** None of the mice formed tumors.

(TIF)

###### 

Click here for additional data file.

###### Primers for semi-quantitative and quantitative PCR.

(PDF)

###### 

Click here for additional data file.
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